Existing calculations of the total absorption coefficient are generally based on the assumption that all the primary radiation energy which is converted into Comptonscattered radiation escapes from the material without significant absorption. This paper extends this basic assumption to include fluorescent and annihilation radiation and bremsstrahlung, and new values of the photoelectric, Compton, pair production, and total absorption coefficients are determined in the energy range O· 01-100 MeV for hydrogen, nitrogen, oxygen, argon, aluminium, iron, lead, air, and water. For comparison purposes revised values of the total absorption coefficient, allowing for the Compton radiation energy loss only, are also determined for these materials, using the most recent data for the component coefficients.
1. INTRODUCTION When a beam of radiation passes through a material, photoelectric absorption, Compton scattering, and (above 1·02 MeV) pair production take place, as a result of which photons are removed from the beam and energy is absorbed in the material. The fractional loss of photons from an ideally narrow beam of monochromatic radiation per unit path length, and the corresponding fraction of the incident energy which is actually absorbed in the material, are respectively termed the total linear attenuation and total absorption coefficients, !.I. and !.I.a,t of the material. The values of both these coefficients, or cross sections, depend on the radiation energy as well as on the material. Since some of the energy of the photons removed from the beam is not absorbed but escapes in the form of secondary radiation, !.I.a <!.I..
Multiplication of the linear coefficient !.I.a by the factors A(pNo, A(pNoZ, and IIp, where A, Z, and p are the atomic weight, atomic number, and density in g/cm 3 , and No is Avogadro's number, gives corresponding coefficients per atom, per electron, and per unit mass, a!.l.a' e!.l.a' and !.I.a(P respectively. Corresponding expressions hold for the other linear coefficients occurring in this work.
Apart from its importance in measuring the absorption of energy in materials, the absorption coefficient is also of considerable interest in studies of broad-beam attenuation. Under broad-beam conditions the effect of an absorber of thickness x cm is to reduce the dose rate at a given point by the factor exp (-!.I.eff.X), where !Lelf. is an effective attenuation coefficIent. Since secondary radiation contributes to the dose rate, (Leff. must be less than the narrow-beam attenuation coefficient (L, the precise value depending on the absorber geometry. Evans and Evans (1948) have found experimentally that for 60CO gamma-rays, where Compton scattering is the major attenuation process, where O's is the Compton coefficient relating to the energy carried away by the scattered photons, both when the source is enclosed in a close-fitting cylindrical lead absorber and when a large plane slab of absorber is placed directly against the source. The inequality (Leff'> (La found in this example is shown in the Appendix to hold in other cases where broad-beam conditions apply and where, in addition to Compton-scattered radiation, the secondary radiation is taken to include fluorescent radiation and bremsstrahlung. Thus in all cases (L and (La may be regarded as upper and lower limits to the value of (Lelf. required to describe the effect of the absorber in reducing the dose-rate. In this sense the coefficients (L and (La are of equal interest in problems of broap,-beam attenuation.
Grodstein (1957) has made a detailed analysis of theoretical and experimental evidence and has published values of the total mass attenuation coefficient (LI p, and the component coefficients 't', 0', and x, relating to photoelectric absorption, Compton scattering, and pair production respectively. Her work, together with some subsequent revisions by McGinnies (1959) , represents the most recent data available and covers a wide range of materials for the energy range 0·01-100 MeV. The results obtained for hydrogen, nitrogen, oxygen, argon, aluminium, iron, lead, air, and water are included in Tables 2 (a), 2 (b), 4, and 5, for comparison with the absorption coefficients calculated for these materials in this paper.
Unlike the attenuation coefficient, which simply represents the probability that a photon will undergo one or other of the three interaction processes, the absorption coefficient cannot be specified uniquely. This is because it is necessary to allow for absorption of the secondary radiations in the material and for escape of the secondary electrons before their energy is dissipated. However, a first approximation may be obtained by assuming that the dimensions of the material are sufficiently great for all the energy of the secondary electrons to be absorbed, but that the secondary radiations escape without significant absorption. The extent to which this basic assumption is realized in practice depends on the dimensions of the material and the energy of the primary radiation.
Existing calculations of the absorption coefficient make use of this assumption to take into account the escape of energy from the material in the form of Compton-scattered radiation. Thus Evans (1955, p. 713) has given graphs of (Lal p for air, water, aluminium, lead, and sodium iodide for the energy range 0,01-100 MeV, which were plotted from the equation (1) where O'a=O'-O's is the Compton absorption coefficient relating to the energy which is converted into kinetic energy of secondary electrons in the material.
This calculation takes no account of the fluorescent radiation that is associated with the photoelectric process. In this process a photoelectron is ejected from the atom and, when the resulting vacancy is filled by an outer shell electron, either an X-ray photon or an Auger electron is emitted by the atom. In heavy materials the emission of radiation predominates: for example, the K fluorescent yield, that is, the number of photons which are emitted by the atom per K electron vacancy, is about 96% for lead. Also, since electron binding energies are relatively large in such materials, each X-ray photon carries an appreciable amount of energy: about 88 keV for the K radiation of lead. Hence an appreciable fraction of the total energy of the primary photons that take part in photoelectric collisions is converted into fluorescent radiation. Moreover, this radiation is sufficiently penetrating for it to travel some distance from its point of origin and should therefore be regarded as escaping from the material like the Compton-scattered radiation. For heavy materials the photoelectric absorption coefficient 't"a is thus substantially less than the attenuation coefficient 't", and at low energies, where the photoelectric process predominates, values of [J.a!P calculated from equation (1) are therefore too high.
Following each pair production process two annihilation quanta of total energy 2m o c 2 , or 1·02 MeV, are produced when the positron, after losing most of its initial kinetic energy, is finally annihilated by an electron. Since this annihilation radiation forms part of the secondary radiation and should also be regarded as escaping from the material, the pair production absorption coefficient Xa is less than the attenuation coefficient x. However, although this difference is very large at energies of a few MeV, the error in the total coefficient [J.a!P calculated from equation (1) is not more than about 2% since at such energies Compton scattering is the predominant attenuation process. The loss of energy from the material in the form of annihilation radiation is thus relatively unimportant in determinations of the total absorption coefficient.
In discussing the physical significance of the absorption coefficient Evans pointed out that the energy carried away from the primary collisions in the form of degraded secondary photons is not absorbed energy. He also defined energy absorption to mean the photon energy which is converted into kinetic energy of secondary electrons, and stated that this energy is eventually dissipated in the material as heat which could in principle be measured with a calorimeter. At low energies where the energy loss of electrons is predominantly by ionization this view is correct. However, at high energies electrons lose a large part of their energy in the production of bremsstrahlung, that is, secondary radiation emitted when the electron is decelerated or deflected in a nuclear field. Indeed, Heitler (1954, p. 253) has shown that the rate of energy loss per unit path length due to the emission of radiation equals the rate of loss due to ionization at about 10 MeV for lead and at about 125 MeV for water. Thus at high energies, and particularly for heavy materials, an appreciable part of the kinetic energy of the secondary electrons is not dissipated as heat, and it appears that due allowance should be made for this fact.
Some calculations of the total absorption coefficient allowing for all secondary radiations were briefly described by Fano (1953) , who published results for water, aluminium, iron, and lead in the energy range o· 088-10 MeV. For heavy materials these results are substantially less than those calculated by taking Compton-scattered radiation only into account, as would be expected from the above discussion. However, although Evans (1955) dealt with a wider energy range, O' 01-100 MeV, where the effects of fluorescent radiation and bremsstrahlung would be even greater, he did not allow for either of these secondary radiations. Since the results given by Evans have also been included in another textbook by Hine and Brownell (1956) , it appears that the importance of fluorescent radiation and bremsstrahlung has not been generally recognized.
The purpose of the present paper is to present new and detailed calculations of the photoelectric, Compton-scattering, pair production, and total absorption coefficients which take into account the loss of energy from the material due to fluorescent radiation, annihilation radiation, and bremsstrahlung, in addition to Compton-scattered radiation. These calculations are based on the underlying assumption referred to earlier. In view of the application of the absorption coefficient in problems concerning the absorption of energy in materials and the fact that this coefficient is also associated with the study of broad-beam attenuation, it is thought that this work should prove of general interest.
II. BREMSSTRAHLUNG CORRECTION FACTORS, ~(To)
In this section, after a brief summary* of existing theoretical results for the probability that an electron of kinetic energy T MeV will produce radiation of energy k MeV, the intensity distribution of the bremsstrahlung is determined for several materials. From this work the rate of radiation energy loss per unit path of the electron (dTjds)rad is calculated in units of MeV cm 2 /g. This is followed by a calculation of the rate of ionization energy loss per unit path of the electron (dT/ds)coll MeV cm 2 /g. The values of (dTjds)rad and (dTjds)coJl thus obtained are used to determine the total amount of energy which is spent in ionization when an electron of initial kinetic energy To MeV is brought to rest in each material. Each result is expressed as a bremsstrahlung correction factor ~(To), which is defined as the ratio of the energy actually absorbed in the material to the initial kinetic energy of the electron. These correction factors, which do not appear to have been determined previously, are employed in the calculations of the photoelectric, Compton-scattering, and pair production absorption coefficients at high radiation energies in the three subsequent sections of this paper. This section concludes with a calculation of the intensity distributions of the total amount of bremsstrahlung emitted when an electron of initial kinetic energy To MeV is brought to rest in each material. Bethe and Heitler (1934) have shown that in the extreme relativistic region (energies much greater than [1.0=m o c 2 =0·51098 MeV) the cross section cp'(k)dk for the emission of a quantum of energy between k and k +dk by an electron of total energy E =T + [1.0 is given by
where r 0 =e 2 j [1.0 =2·8178 X 10-13 cm and E f is the final total energy of the electron, provided screening of the nuclear field by the atomic electrons is negligible. .At * A comprehensive review has been given by Koch and Motz (1959) .
high energies and with materials of high atomic number the probability of the radiation process taking place at large distances from the nucleus is increased and equation (2) must be modified to take screening into account. For this purpose Bethe and Reitler assumed a Thomas-Fermi distribution of atomic electrons and obtained:
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where y=100kfLo/EEfZ1J3 and CPl(Y)' CP2(Y)' and c(y) are functions of Y given in Figure 1 and Table 1 of their paper. Y is a measure of the screening: y>l corresponds to the case of no screening; 2 <y <15 to that of only slight screening, the function c(y) in equation (3) being a small correction to equation (2); and Y <2 to the case where screening is quite appreciable. In the limit of complete screening y=O and the expression within braces of equation (4) reduces to
Reitler (1954, p. 254) has considered the various approximations made in the derivation of the preceding equations and has concluded that the only serious error arises from the use of the Born approximation. This approximation has been corrected for in the present work by adding to the expressions the correction ~ derived by Davies and Bethe (1952) , namely,
wheref(Z)=(Z/137)2 for light materials andf(Z)=0'67 for lead. In addition to radiation in the field of the nucleus, radiation in the field of the atomic electrons should also be considered. Borsellino (1947) has shown that for the lower energies in the extreme relativistic region where screening is negligible, equation (2) also holds for electrons provided Z2 is replaced by Z. Thus in this energy region the total cross section is proportional to Z(Z+l). Lamb (1939, 1956 ) have treated the case of higher energies where screening is appreciable. Assuming a Thomas-Fermi distribution of atomic electrons they found that the cross section cp"(k)dk for the emission of a quantum of energy between k and k +dk is given by 
where e:=100kfLo/EEjZ2/3 and ..jJl(e:) and ..jJ2(e:) are functions of e: given in Figure 1 of their 1956 paper. In the limit of complete screening e: =0 and the expression within braces of equation (6) Joseph and Rohrlich (1958) have recently considered the emission of bremsstrahlung, and the analogous process of pair production, where these processes take place in the field of the atomic electrons. Their work indicated that the Wheeler and Lamb calculations are subject to an appreciable error at low energies owing to the neglect of the exchange effect which arises from the similarity of the incident and recoil particles. On the other hand, McGinnies (1959, p. 3) has pointed out that current experimental evidence for pair production supports the Wheeler and Lamb calculations. For this reason the exchange correction derived by Joseph and Rohrlich was not applied in the present work. *
The total intensity kcp(k) was calculated in the present investigation for electrons with kinetic energies of 100, 80, 40, 20, 10, and 5 MeV for hydrogen, nitrogen, oxygen, argon, aluminium, iron, and lead. The results for hydrogen, aluminium, and lead, shown graphically in Figure 1 , illustrate the intensity distribution of the bremsstrahlung. For convenience the intensity is plotted as a function of kiT, which varies from ° to 1, rather than of k itself. The curves for lead agree with those given by Heitler (1954, p. 250, Fig. 12 ) if allowance is made for the fact that his curves do not include the Born correction.
The areas under the intensity distribution curves are a measure of the radiation energy loss (dT/ds)rad since, in units of MeV cm 2 /g, this is given by
Using numerical integration this equation was evaluated for each of the seven materials at the five energies given above. In addition a value of (dT/ds)rad for an electron with a kinetic energy of ° ·1 MeV was obtained from the equation (see Heitler, equations (28) and (32)) ( dT) =_ 16r~Z2NoT,
which holds in the non-relativistic region (energies much less than flo). The values of (dT/ds)rad so obtained for each material were plotted in units of A/NoT * Even if the exchange correction were appropriate its omission would not affect the results for the bremsstrahlung correction factors to any significant degree. For heavy materials, radiation in the field of the electrons is small compared with that in the field of the nucleus so that no significant error would occur in the total intensity cp(k)=cp'(k)+cp"(k). In the case of light materials bremsstrahlung in the field of the electrons is more important: indeed for hydrogen it is nearly equal to that in the field of the nucleus. However, the radiation energy loss for this material is small compared with the ionization energy loss so that again no significant error would result in the bremsstrahlung correction factors.
as functions of the energy T and fitted by smooth curves. The results given in Tables 1 (a) and 1 (b) for (dTjds)rad in the energy range 0·1-100 MeV were read from these curves, except the results for water which were derived from those for hydrogen and oxygen.
-s-40
"" >' .... The average energy loss per unit path length (dTjds)coll of an electron due to excitation and ionization of the atoms of the material through which it travels is given, in units of MeV cm 2 jg, by the Bethe equation (see Bethe and Ashkin 1953) (9) where v is the velocity of the electron, )..2=1-(vjc)2, and I is the mean excitation potential of the atom. In the present work the ionization loss was calculated for the materials in Tables 1 (a) and 1 (b) using the values of I which Bethe and Ashkin derived from the experimental work of Bakker and Segre (1951) . Values for water were derived from those for hydrogen and oxygen. 0·1  0·001  3·570  0·002  2·908  0·2  0·001  2·404  0·003  2·000  0·5  0·004  1·778  0·008  1·477  1·0  0·009  1·640  0·017  1·373  2·0  0·025  1·666  0·048  1·404  5·0  0·087  1·816  0·160  1·543  10·0  0·196  1·961  0·361  1·674   20·0  0·435  2·117  0·792  1·815  30·0  0·691  2·206  1·250  1·900  40·0  0·954  2·275  1·721  1·958  50·0  1·225  2·325  -0·002  2·202  2·003  60·0  1·496  2·359  -0·010  2·683  2·037  -0·005  80·0  2·052  2·412  -0·023  3·664  2·086  -0,015  100·0  2·600  2·445  -0·041  4·661  2·122  -0·026 * Values of the collision loss given in this table include the polarization correction. 0·1  0·001  4·172  0·001  3·231  0·2  0·001  2·805  0·002  2·214  0·5  0·004  2·054  -0·004  0·006  1·629  1·0  0·008  1·865  -0·026  0·014  1·491  -0·003  2·0  0·023  1·849  -0·066  0·038  1·506  -0·034  5·0  0·082  1·925  -0·154  0·128  1·585  -0·102  10·0  0·184  1·996  -0·244  0·287  1·654  -0·173   20·0  0·411  2·063  -0·350  0·636  1·719  -0·258  30·0  0·653  2·096  -0·416  1·005  1·755  -0·312  40·0  0·901  2·124  -0·464  1·382  1·779  -0·351  50·0  1·157  2·144  -0·502  1·772  1·798  -0·382  60·0  1·413  2·160  -0·533  2·161  1·812  -0·408  80·0  1·939  2·184  -0·581  2·946  1·834  -0·449  100·0  2·458  2·203  -0·619  3·741  1·851  - I   0·01  2·027  0·2  0·005  1·969  0·01  1·429  0·5  0·011  1·471  -0·011  0·03  1·085  1·0  0·027  1·352  -0·030  0·07  1·024  -0·003  2·0  0·074  1·357  -0·060  0·17  1·056  -0·012  5·0  0·231  1·427  -0·123  0·50  1·152  -0·043  10·0  0·511  1·509  -0·188  1·13  1·230  -0·081   20·0  1·144  1·579  -0·264  2·50  1·305  -0·130  30·0  1·781  1·615  -0·314  3·92  1·345  -0·164  40·0  2·447  1·640  -0·350  5·38  1·371  -0·190  50·0  3·132  1·656  -0·382  6·87  1·390  -0·212  60·0  3·813  1·669  -0·408  8·35  1·405  -0·230  80·0  5·197  1·691  -0·447  11·35  1·428  -0·259  100·0  6·587  1·707  -0·479  14·45  1·445  -0·283 * Values of the collision loss given in this table include the polarization correction.
.At high energies the ionization energy loss is appreciably reduced by the shielding effect of the polarization of the medium. This effect has been treated in detail by Sternheimer (1952) , who derived a theoretical equation for the correction (dT/ds)pol which must be added to the values of (dT/ds)coll obtained from equation (9). The correction is given by
where Ii is the number of electrons in the ith shell divided by Z, and 1 is a solution of the equation
The frequency Vi in equations (10) and (11) is given by Sternheimer as
where hVi is the excitation potential of the ith shell and B is an empirical correction factor equal to the ratio of the mean excitation potential I =hv m of the atom determined experimentally by Bakker and Segre to the value deduced from the equation
Sternheimer calculated the polarization correction for a number of materials and fitted his results by an empirical equation. This empirical equation was used in the present work for the materials in Tables 1 (a) and 1 (b), other than oxygen, for which the values of the coefficients in the empirical equation were not available and the polarization correction was calculated directly from equation (10). The results obtained in the present work for the ionization loss corrected for polarization are given in Tables 1 (a) and 1 (b), together with results for the polarization correction itself. The values for water and lead agree with those given in graphical form by Heitler (1954, p. 373, Fig. 26) . With hydrogen the radiation loss is about 25% of the collision loss for 100 MeV electrons. For heavier materials the radiation loss is even more important. Thus, for 100 MeV electrons, the ratio of the radiation loss to the ionization loss is nearly unity for nitrogen, is about 3·8 for iron, and is as high as 10 for lead.
The energy which is actually absorbed in each material from electrons of energies up to 100 MeV can be derived from the data assembled in Tables 1 (a) and 1 (b). Since the average energy absorbed in a path length ds is given by (dT)con = (dT/ds)conds =(dT /ds)coll(ds/dT)total(dTltotah (14) it follows that the average fraction ~(To) of the initial kinetic energy To MeV which is absorbed when the electron is brought to rest is given by
This integral was evaluated numerically in the present work for the various materials dealt with in this section and the results are given graphically in Figure 2 . This figure shows that for 10 MeV electrons the percentage of energy absorbed in the material due to ionization processes is 99 % for hydrogen, 96 % for nitrogen, 87 % for iron, and 71 % for lead. For 100 MeV electrons these percentages become 90, 70, 42, and 23 % respectively. It is clear that at high energies, and especially for heavy materials, a substantial part of the initial kinetic energy of the secondary electrons produced in the various radiation attenuation processes is transformed into secondary radiation as the electrons are brought to rest. The energy distribution of this radiation may now be derived. As a preliminary step it is necessary to obtain the electron's kinetic energy as a function of the distance travelled by it through the material. When both collision and radiation energy losses are taken into account the distance s, in units of g/cm 2 , which the electron has travelled when its energy has fallen to T MeV, is given by the equation this integral can be evaluated numerically for various values of T and To and the required relation between T and s obtained. Thus at each point in its range the kinetic energy of the electron can be found and, from the curves in Figure 1 , the corresponding intensity kq>(k) for the emission of photons of energy k. The B total intensity k<P(k) for the emission of photons of energy k as the electron is brought to rest is then given by the equation
whereR o gjcm2, the maximum range of the electron, is given by
In the present work k<P(k) was calculated for initial electron energies of 10, 20, 40, 60 , and 100 MeV. The results for aluminium and lead, shown graphically in Figure 3 , illustrate the bremsstrahlung intensity distribution. It may be (The ordinates are in units of r5Z2No/137A, k is the photon energy, and the numbers affixed to the cur~es refer to the electron's initial kinetic ener~y To MeV.) noted that the areas under these curves are a measure of the total amount of energy ER MeV converted into radiation, since this is given by (19) The bremsstrahlung correction factors ~(To), which are simply equal to (To -E R)jTo, may therefore be obtained from the results illustrated in Figure 3 . However, the preceding calculation of these factors is more direct and more accurate.
III. PHOTOELECTRIC ABSORPTION COEFFICIENT
Values of the photoelectric absorption coefficient "a are derived in this section of the paper from those for the attenuation coefficient " given by Grodstein and McGinnies (see Tables 2 (a) and 2 (b)) by applying a correction for the escape of energy in the form of fluorescent radiation from each material. .A further correction is made in the case of lead to allow for the energy carried away in the form of bremsstrahlung, since for this material the photoelectric process remains significant up to fairly high energies.
The amount of primary energy which is converted into fluorescent radiation is negligible at all energies for the materials in Table 2 (a), since, firstly, the production of Auger electrons (Burhop 1954) predominates over that of X-ray photons, that is, only a few photoelectric collisions are accompanied by the emission of radiation, and secondly, electron binding energies are small so that each X-ray photon which is emitted carries only a small amount of energy. For example, for 10 keV primary radiation, and for aluminium which has a K fluorescent yield of about 0·031 and a K electron binding energy of about 1 ·56 ke V, only about 0 . 5 % of the primary energy is transformed into fluorescent radiation. This proportion is even less for greater primary energies, or for lighter materials which have smaller fluorescent yields and electron binding energies. Moreover, even the small amount of fluorescent radiation which is produced cannot be considered as escaping from the material since, because of its softness, it is absorbed within a very short distance of its point of origin. Thus for all the materials in Table 2 (a) the fluorescent radiation correction is negligible and the photoelectric absorption and attenuation coefficients are equal.
Appreciable corrections are required for the heavier materials in Table 2 (b) which have greater fluorescent yields and electron binding energies. For primary radiation energies greater than the K absorption limit of the material the photoelectron can be ejected from any of the shells of the atom so that K, L, M,. . . fluorescent radiations are produced. However, the fluorescent yield, the binding energy of an electron, and the probability for the photoelectric process itself 0·0159  0·0263  0·156  0·0240  0-0234  0·06  0·0086  0·0147  0·0870  0·0133  0·0130  0·08  0·0034  0-0056  0-0350  0·0052  0·0050   0·10  0·0017  0·0026  0·0172  0·0026  0·0024  0·15  0·0004  0·0008  0·0047  0·0007  0·0007  0·20  0·0004  0·0018  0·0002  0·0003  0·30  0·0004  0·40 0·0002
* All values are directly from Grodstein (1957) and McGinnies (1959) , except the values for air which are derived from those for nitrogen, oxygen, and argon.
t For these materials the photoelectric absorption coefficient Ta/P equals the attenuation coefficient. 0·10  0·054  0·054  0·204  0-199  5·17  1·49  0·15  0·0148  0·015  0·058  0·057  1·73  0·886  0·20  0·0062  0·0062  0·0240  0·0238  0-799  0·501  0·30  0·0018  0·0018  0·0071  0·0071  0·272  0·204  0·40  0·0008  0·0008  0-0031  0·0031  0-133  0·107  0·50  0·0005  0·0005  0·0017  0·0017  0-0759  0·0641  0·60  0·0003  0·0003  0·0011  0·0011  0·0503  0·0435  0·80  0·0005  0·0005  0·0276  0·0244   1·0  0·0003  0·0003  0·0180  0·0161  1-5  0·0087  0·0080  2·0  0·0058  0·0051  3·0  0·0032  0·0029  4·0  0·0023  0·0020 are all less for an outer shell than for the K shell, so that little energy is converted into radiations other than the K. Hence it is only necessary to allow for the escape of K radiation. In the case of lead the energy. range 0,01-100 MeV extends below both the K andL absorption limits (0 ·08823 and 0 ·01307 MeV). For this material and energies in the range 0·01307-0,08823 MeV the L fluorescent radiation must be taken into account since, firstly, the photoelectric process occurs predominantly in the L shell and secondly, the energy of the L radiation (about 15 keY) is appreciable compared to the primary energy. For energies less thaR O· 01307 MeV the photoelectric process occurs predominantly in the M shell and, since the fluorescent yield of this shell is very small (Burhop quotes the value 0 ·06 for uranium), the fluorescent radiation correction is negligible. Hence for primary energies kv greater than the Kabs,orption limit of the material, and for energies between the K and L absorption limits in the case of lead, the photoelectric absorption coefficient is given by the respective equations and
where For the present calculation, values of 1K and 1M (i)K' and PK were obtained from the works of Hill, Church, and Mihelich (1952) , Broyles, Thomas, and Haynes (1953) , and Grodstein (1957, p. 18, Table V) respectively. The value of (i)L required in equation (21) was obtained from the early work of Lay (1934) , who used X-ray excitation to find the fluorescent yields of several materials.* No information was available in the literature for the fraction PL required in equation (21) and this was calculated with the aid of the Hall (1936) equations for the photoelectric attenuation coefficients of the Land M shells. These equations are respectively (22) and . = 29Ao3 3 4(1 +8 ) ( 
PK='t'K!'t'K+L+M and PL ='t'L!'t'L+M
Comparison of the values of 'ralp and 'rIp given in Table 2 (b) indicates the effect of taking fluorescent radiation and bremsstrahlung into account. The greatest change is for lead; for an energy just greater than the K absorption limit of this material, 'ra/p is only 19% of 'rIp.
IV. COMPTON ABSORPTION COEFFICIENT
Although the variation in the energy and the number of Compton-scattered photons with the angle through which they are scattered have been considered frequently in the literature, the most comprehensive treatment being that of Nelms (1953) , no information appears to be available giving the intensity distribution as a function of the radiation energy. This distribution is of interest in the present work, since the validity of the assumption that the scattered radiation escapes from the material without significant absorption depends on the energy of the radiation. This section contains a derivation of the radiation energy distribution, and a new calculation of the Compton absorption coefficient which allows for the loss of energy from the material in the form of bremsstrahlung.
The number of photons g(6)dQ which are scattered by an electron through an angle 6 into a small solid angle dQ is given by the well known Klein-Nishina equation (6)dQ_~r(1+COS2 6)[1+ex(1-cos 6)] +ex 2 (1-cos 6)2}dQ
where ex=k'JI!Lo and 11,' 1 is the primary radiation energy. The energy k'J' of the scattered photon is given by the Compton equation
From equations (25) and (26) it can be shown that the number of pnotons g(kv')d(h'J') which are scattered per electron so that they have an energy between k'J' and k'J' +d(kv') is given by the equation The intensity g'(hv'} was calculated in the present work for primary radiation energies of 0 '1, 1, 10, and 100 MeV. The results, given gtaphically in Figure 4 , illustrate the energy distribution of the Compton-scattered radiation. For convenience the intensity is plotted as a function of hv' /hv, which varies from 0 to 1, rather than of hv' itself. Reference to Figure 4 shows that at high primary energies the scattered radiation contains a considerable amount of relatively soft photons. Thu.s, whereas for O· 01 MeV radiation the minimum scattered photon energy is about 96 % of the primary energy, for 0 '1, 1, 10, and 100 MeV radiation it falls to about 75,20,2'5, and 0'25% respectively. -Again, consideration of the areas* under the curves in this figure shows that for primary energies of 10 and 100 MeV about 30 and 40 % respectively of the total scattered energy are carried by photons with energies less than half the primary energy.
* The total area under each 8f these curves represents 'the Compton cross section tfIs for the total amount of energy which is scattered by each electron in the material. However, this cross section is better obtained analytically from the equation
The cross-section g"(hv')d(hv') for the energy"converted into kinetic energy of secondary electrons in the range d(hv') is given: by'the equation .CIa 7tro 3ot2(1 +2ot)3 ot3 n o t . To allow for the loss of energy in the form of bremsstrahlung it is necessary to use the bremsstrahlung correction factors ~(To), illustrated in Figure 2 , to weight the intensity g"(hv') in equation (29) . When this is done the cross section eaa is given by the equation
.aa= hv/(1+2<x) (31) which must be evaluated numerically.
In the present work, for purposes of comparison, values of .aa were calculated from both equations (30) and (31). The two sets of results for the various materials dealt with in this paper are given in mass units in columns (a) and (b) respectively of Table 3 . The results for air were derived from those for nitrogen, oxygen, and argon. This table shows that for heavy materials and high energies the value of the Compton absorption coefficient is substantially reduced when bremsstrahlung is taken into account. Thus for aluminium and primary energies of 1,10, and 100 MeV the new values (equation (31)) are about 100,94, and 63% respectively of the Klein-Nishina values (equation (30)). For lead and the same energies these percentages are about 98, 75, and 25 respectively.
V. P.AIR PRODUCTION ABSORPTION COEFFICIENT
In this section values of the pair production absorption coefficient are derived from those for the attenuation coefficient given by Grodstein (see Table 4 ), by applying corrections for the escape of energy in the form of bremsstrahlung and annihilation radiation.
In the pair production process a portion 2/Lo of the energy of the incident photon is converted into a positron and an electron, and the remaining energy is shared, not necessarily equally, between these two particles in the form of kinetic energy. The attenuation coefficient aX is determined by integrating the cross section cp(E+)dE+ for the creation of a positron with a total energy between E+ and E+ +dE+, and an electron with corresponding energy between E_ and E_ -dE_, over all possible energies of the positron. Thus (32) For the present determination of the absorption coefficient aXa' bremsstrahlung energy losses were taken into account by using the bremsstrahlung correction factors (see Fig. 2 ) to weight the intensity cp(E+) in equation (32). Thus
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* Values of x/p are from Grodstein (1957) .
The cross section tp(E+)dE+ required in equations (32) and (33) has been derived by Bethe and Heitler (1934) for the case of pair production in the field of the nucleus. Their results, which are analogous to equations (2) 
where Yp=100hvfLo/E+E_Zl/3 is a measure of the screening. For complete screening Yp=O and the expression in the braces of equation (36) reduces to
Using equations (34), (35) , and (36) to obtain tp(E+), the weighted intensity tp(E+)~(E+ -fLo)E+ was determined for each material and aXa calculated from equation (33) by numerical integration. In the case of water, equation (33) was evaluated using values of the bremsstrahlung correction factor for this material, and values of the intensity tp(E+) given by 2tpH(E+) +tpo(E+), where tpH(E+) and tpo(E+) are the intensities for hydrogen and oxygen. The results for the weighted intensity for hydrogen, aluminium, and lead are shown graphically in Figure 5 for various primary energies. For convenience the intensity is plotted as a function of rather than of E+.
The results for aXa must be corrected for the Born approximation and also for the fact that pair production occurs in the field of the atomic electrons. These corrections were made with the aid of Grodstein's published results for the pair production cross sections in the fields of the nucleus and the atomic electrons, aX' and aX" respectively. Grodstein's results for aX' include a correction aX'Born for the Born approximation given by the equation (37) where Llcr c and a 2 are functions of Z given in her Table 7 . A corresponding correction was therefore made in the present work by multiplying the values of aXa from equation (33) by the factor aX' /(aX' -aX'Born)' To allow for pair production in the field of the atomic electrons the resulting values were multiplied by ex' +aX")/aX'.
As stated in the introduction, the annihilation radiation correction is very large at energies of a few MeV. In order to obtain accurate values of the pair , absorption coefficient this energy loss was taken into account in the present work by subtracting the amount (2fLo/hv)ax from the values of aX a obtained above, where aX=ax' +ax" is the total Grodstein pair attenuation coefficient.
The final results for the pair production absorption coefficient for the various materials dealt with in this paper are given in Table 4 . The results for air were derived from those for nitrogen, oxygen, and argon. Reference to this table shows the effect of taking bremsstrahlung and annihilation radiation into account. For example, for hydrogen, iron, and lead and 10 MeV radiation, the pair production absorption coefficients are respectively only about 88, 82, and 72 % of the attenuation coefficients. For 100 MeV radiation these percentages become about 93, 52, and 32 respectively. 
VI. TOTAL ABSORPTION COEFFICIENT
Addition of the photoelectric, Compton, and pair production absorption coefficients determined in the previous section by taking into account the loss of energy from the material in the form of fluorescent and annihilation radiation and bremsstrahlung, in addition to Compton-scattered radiation, gives the new values for the total absorption coefficient listed in Table 5 .
It is interesting to compare these results with values obtained from equation (1), which allows for the Compton-scattered radiation only. For this purpose the work of Evans (1955) , which was based on the tables of atomic cross sections given by White (1952) , was extended to include the various materials dealt with in this paper and revised using the more recent tables of 't" and x given by Grodstein (1957) and McGinnies (1959) (see Tables 2 (a) and 2 (b) and Table 4) together with values of (Ja calculated from the Klein-Nishina equation (see columns (a) of Table 3 ). The revised values, given in columns (a) of Table 5 , differ from those of Evans at low energies because the values of 't" given by McGinnies are substantially greater than those given by White; for example, for lead and an energy of 0 ·01 MeV the revised value is about 70% greater than Evans's value. Values of the total mass attenuation given by Grodstein and McGinnies are also included in Table 5 . For low energies and heavy materials the values of the absorption coefficients in columns (b) of Table 5 are appreciably less than those in columns (a) owing to taking fluorescent radiation into account. For example, for an energy of o . 01 MeV the column (b) values are about 97 and 79 % of the column (a) values for argon and iron respectively. For lead, and energies just above the Ll and K absorption edges, these proportions fall to about 68 and 19% respectively. At high energies the effect of taking bremsstrahlung into consideration is evident. For example, for an energy of 10 MeV the column (b) values are about 99, 95, 90, 85, and 72% of the column (a) values for hydrogen, nitrogen, aluminium, iron, and lead respectively. For an energy of 100 MeV and the same materials these proportions are about 93, 78, 64, 51, and 32 % respectively.
